Aster L. is a highly diversified genus in the Qinghai-Tibet Plateau and its adjacent areas. Chromosome numbers and karyotypes are reported for 26 populations representing 16 species and three varieties of Aster from this region. Chromosome numbers have been newly documented for 10 species. The basic number of x = 9 is confirmed for all species. Of the 16 species counted, seven species are polypoids, of which six are found with different levels of polyploidy. The remaining nine species are diploid, with 2n = 18. A new polyploid cytotype (hexaploid) is found in A. asteroides and A. souliei. B chromosomes are observed in A. oreophilus and A. boweri. Satellite chromosomes are found in A. semiprostratus and A. boweri. Our results indicate that Aster is an active group in chromosome evolution as characterized by a number of species with different levels of polyploids. The karyotypes are symmetrical with a high proportion of metacentric and submetacentric chromosomes, belonging to type 1A or 2A according to Stebbins' classification. However, the karyotypic asymmetry index of AI value changes from 0.79 to 3.05, which provides some phylogenetic significance in Aster.
Introduction
The genus Aster L. s.s. (Asteraceae, Astereae) includes approximately 152 species, and is mainly distributed in the Northern Hemisphere of the Old World, with some species extending into North America . About two-thirds of the species (82 out of 123) are endemic to China , with centers of diversity in southwestern China, especially the QinghaiTibet Plateau and adjacent areas (Huang 2011) .
Historically, based on traditional taxonomic characters such as involucral bracts, style branches of disk flowers, pappus length, and so on, the taxonomic status of Aster has been controversial. Efforts to clarify phylogenetic relationships in Aster s.l. were based on morphological (Nesom 1994) , cytotaxonomical (Semple 1995) and molecular approaches using chloroplast DNA and the internal transcribed spacer (ITS) regions (Xiang and Semple 1996; Noyes and Rieseberg 1999) . Nesom (1994) removed North American species from Aster s.l. based on achene morphology and cytology, which was also supported by phylogenetic analysis of DNA data (Noyes and Rieseberg 1999) . Recently, based on analysis of the nuclear ribosomal DNA (ITS and ETS) and the plastid DNA trnL-F region, Li et al. (2012) showed that monophyletic Aster should include genera such as Sheareria S. Moore, Rhynchospermum Reinw., Kalimeris (Cass.) Cass. [excluding K. longipetiolata (C.C. Chang) Y. Ling], Heteropappus Less., Miyamayomena Kitam., Rhinactinidia Novopokr., Turczaninowia Endl., Asterothamnus Novopokr., Arctogeron DC. and eastern Asian Doellingeria Nees, whereas many species of Chinese Aster s.s. should be excluded.
The cytology of Aster s.l. has received considerable attention (Huziwara 1962; Jones 1977 Jones , 1980 Dean and Chambers 1983; Jones 1985; Semple 1992 Semple , 1995 Li 2003; Li and Zhang 2004; Li et al. 2011) . Both morphological and molecular evidences implied the primitive base number of the genus is x = 9 (Semple 1992; Semple et al. 1993; Xiang and Semple, 1996) , with polyploidy occurring frequently in Eurasian species (Nesom 1994 ). Most of the cytological studies focused on the North American species, which had been removed from Aster s.l. (Nesom 1994) . Jones (1985) suggested that chromosome features are fundamental to an understanding of the relationships of the Astereae, but they are more useful at the infrageneric than the generic level. However, cytology of the Aster species from the Eurasia, especially the diversity center of the Qinghai-Tibet Plateau, has been poorly studied. To date for the 36 species in Aster from this region, only four species have been counted. Liu (1999) reported three species from Qinghai, which are diploid with 2n = 18. Yin et al. (2010) studied two species from Aster series Hersileoides (2n = 18) in southwestern China. Therefore, it is imperative to further study this genus from this region to accumulate chromosome data and evaluate chromosome evolution pattern in Aster.
The Qinghai-Tibet Plateau is recognized as a biodiversity "hot spot" (Myers et al. 2000 ) with a complex biogeographical history. Knowledge of the biogeographic distributions of cytotypes is useful in determining the limits of distribution of infra-specific varieties, and in reconstructing biogeographic histories of the species. It is also important for testing hypotheses on the evolution of polypoidy in a notoriously difficult groups such as Aster. However, little is known about the geographic distribution of the different cytotypes in Chinese species of Aster. The present paper reports karyomorphological observations on 16 species and three varieties from the Qinghai-Tibet Plateau.
Material and methods
Generic circumscriptions and nomenclature of Aster follow Chen et al. (2011) , which treats the genus Heteropappus as sect. Pseudocalimeris Kitamura. Achenes were collected from 26 populations representing 16 species of Aster from the Qinghai-Tibet Plateau (Table 1) . Voucher specimens are deposited in the Herbarium of the Kunming Institute of Botany (KUN). All cytological observations are made from root tips. Seeds are stored at 4°C, soaked overnight in distilled water at room temperature, and germinated on wet filter paper in Petri dishes. Fresh root tips c.1 cm long are cut, pretreated in 0.003 M 8-hydroxyquinoline solution at 22-23°C in the dark for 6-8 h, then fixed in Carnoy's solution (1:3 glacial acetic acid/absolute alcohol) at approximately 4°C for 2-5 h. The root tips are then placed in 70% ethanol for 10 min and rinsed with distilled water twice for c.20 min. Prior to staining, the root tips are hydrolyzed in 1:1 1 N HCl:45% acetic acid at 60°C for 30 s, stained with 1% aceto-orcein overnight, and squashed for cytological observation. Permanent slides are made using the standard liquid nitrogen method.
Observations are made of somatic mitotic interphase, prophase, and metaphase. Karyomorphological classification of the mitotic interphase nuclei and prophase chromosomes follows Tanaka (1971) . The designation of the centromeric position follows Levan et al. (1964) , as median (m), submedian (sm) or subterminal (st). Karyotype asymmetry is classified according to Stebbins (1971) and Paszko (2006) . For the numerical characterization of the karyotypes, the following parameters are used: (1) shortest (SC) and longest (LC) chromosome length; (2) ratio of longest to shortest chromosome (LC/SC); (3) mean long arm length (p); (4) mean short arm length (q); (5) mean total chromosome length (CL); (6) mean centromeric index (CI = 100 × length of short arm/total chromosome length); (7) asymmetry index (AI = CV CL × CV CI /100) (Paszko 2006) ; (8) Stebbins' type (KA); and (9) karyotypic formula ( Table  2 ). The database of Index to Chromosome numbers in Asteraceae (http://www.lib.kobe-u.ac.jp/infolib/meta_ pub/G0000003asteraceae_e) is used to verify the absence of previous reports for Aster and other related taxa in Asteraceae. from Sichuan and Yunnan Province. The population from Sichuan Province has a karyotype formula 2n = 18 = 14 m + 4sm and AI = 1.47 (Table 2; Figure 5 ). The Yunnan collection has a karyotype formula of 2n = 18 = 4 M + 14 m and AI = 1.18 (Table 2; Figure 6 ). Both populations share Stebbins' 1A-type asymmetry karyotype.
Aster flaccidus Bunge
This species is widely distributed in western China, Mongolia and Siberia. Two populations are collected from Dangxiong ( Figure 7) and Naqu (Figure 8 ) of Xizang Province. The chromosome count of the specimen from Naqu, 2n = 54, is the same as the one from Tunksky Alps reported by Krogulevich (1976) . The Naqu population has a karyotype formula of 2n = 54 = 2 M + 36 m + 16sm and AI = 1.72 (Table 2 ; Figure 8 ). However, for the Dangxiong population, it is found to be diploid (2n = 18) with a karyotype formula of 2 M + 12 m + 4sm and AI = 1.89 (Table 2; Figure 7 ), which has not been reported in previous studies. In this study, both populations share Stebbins' 2A-type asymmetry karyotype.
Aster yunnanensis Franch
This species is endemic to the Qinghai-Tibet Plateau, and has three varieties. A. yunnanensis var. yunnanensis Franch. from Muli, and A. yunnanensis var. angustior Hand.-Mazz. from Yanyuan, Sichuan Province are included in this study. They are diploids and have a Stebbins' 2A-type, but differ in the karyotype formula and AI value. Aster yunnanensis var. yunnanensis has a karyotype formula of 10 m + 8sm with AI = 1.83 (Table 2; Figure 9 ). It shares the same karyotype formula and asymmetric karyotype with A. yunnanensis var. labrangensis (Hand.-Mazz.) Y. Ling (Liu 1999) . Aster yunnanensis var. angustior has a karyotype formula of 4 m + 14sm with AI = 2.77 (Table 2; Figure 10 ). These results indicate that variation of karyotype structure at the diploid level seems to be the predominant feature of chromosomal evolution in A. yunnanensis.
Aster pycnophyllus Franch ex WW Sm
We report the chromosome number and karyotype of this species for the first time. The species is endemic to the Qinghai-Tibet Plateau. Two populations are collected from Changdu, Xizang and Yunlong, Yunnan Province. The Changdu population is tetraploid with the karyotype formula 2n = 36 = 28 m + 8sm, Stebbins' 2A-type asymmetry karyotype, and an AI = 1.54 (Table 2; Figure 11 ). The Yunlong population has the karyotype formula of 2n = 18 = 6 M + 12 m, Stebbins' 1A-type asymmetry karyotype, and an AI value = 0.96 (Table 2; Figure 12 ).
Results and discussion
Chromosome numbers and karyotypes are reported for 26 populations representing 16 species and three varieties of Aster from the Qinghai-Tibet Plateau (Table 1) . The interphase nuclei and prophase chromosomes of Aster are according with the previous report (Liu 1999) . Karyotypic characteristics are presented in Table 2 . These results include the first chromosome counts for 10 species and new chromosome numbers in four additional species. The basic chromosome number x = 9 is confirmed in Aster. Four different ploidy levels are documented. Nine species are diploids (Table 2) , with 2n = 18; three species are found with both diploid and tetraploid individuals (2n = 36, Table 2 ). Another three species are found with both diploid and hexaploid individuals (2n = 54, Table 2 ). Only A. ageratoides Turcz. from northwest Yunnan Province are observed to be octoploid. Brief descriptions of the karyotypic features of each species are given below.
Aster albescens (DC.) Wall. ex Hand.-Mazz
This is first report of chromosome number and karyotype of this species. Aster albescens is widely distributed in Himalaya and is extremely variable in morphology. Seven varieties have been recognized Figure 2 ) are sampled from Sichuan and Yunnan, respectively. They have the same karyotype formula 2n = 18 = 10 m + 8sm and Stebinn's 2A-type, but with different AI value (the former with AI = 3.05, the latter with AI = 2.13).
Aster asteroides C. Kuntze
This species is endemic to the Himalayas. Two populations, collected from Geer and Bange of Xizang, have different ploidy levels and karyotypes. The accession from Geer is diploid, with a karyotype formula 2n = 18 = 4 M + 10 m + 4sm, Stebbins' 2A asymmetry karyotype, and the AI value = 3.03 (Table 2; Figure 3 ). This agrees with Semple et al. (1993) which was also determined as 2n = 18. However, the hexaploidy individuals from Bange were found during this study for the first time to have a karyotype formula 2n = 54 = 8 M + 28 m + 18sm, Stebbins' 2A-type, and the AI value = 2.80 (Table 2; Figure 4 ).
Aster auriculatus Franch
Chromosome number and karyotype are reported for the first time. This species is mainly distributed in the Qinghai-Tibet Plateau, and extending into Guizhou Province. Specimens of two populations are collected 
Aster altaicus Hand-Mazz
This species has six varieties. It is a widely distributed in Eurasia. In the present study, Aster altaicus var. hirsutus Hand.-Mazz. is collected from Lijiang, Yunnan Province. This variety, whose chromosome count is first reported, is endemic to the Qinghai-Tibet Plateau. The chromosome number is 2n = 18, with the karyotype formula of 2n = 18 = 6 M + 12 m and Stebbins' 1A-type asymmetry karyotype with AI = 1.14 (Table 2; Figure 18 ).
Aster crenatifolius Hand-Mazz
The chromosome number and karyotype are reported here for the first time. This species is mainly distributed in the Qinghai-Tibet Plateau, and sometimes in Hebei and Gansu Provinces. The present material is collected from Xianggerila in Yunnan Province. The chromosome number is 2n = 18, with the karyotype formula 2n = 18 = 16 m + 2sm. The karyotype symmetry is Stebbins' 1A-type with AI = 1.33 (Table 2; Figure 19 ).
Aster semiprostratus (Grierson) H. Ikeda
This species is endemic to the Qinghai-Tibet Plateau. 
Aster boweri Hemsl
This is the first report of the chromosome number and karyotype. This species is endemic to the Qinghai-Tibet Plateau. Samples are collected from Dangxiong, Jilong, and Jiangzi of Xizang. Specimens from these three populations share Stebbins' 1A-type asymmetry karyotype. The Dangxiong accession has a karyotype formula of 2n = 36 = 8 M + 28 m with AI = 0.85 (Table 2; Figure 22) ; the Jilong collection has a karyotype formula of 2n = 36 = 28 m + 8sm + 3B, and AI = 1.24 (Table 2; Figure 23 ). The Jiangzi sample has the karyotype formula of 2n = 18 = 16 m + 2sm + 2SAT + 2B, and AI = 1.61 (Table 2; Figure 24) . B chromosomes are found in the Dangxiong (3B) and Jiangzi (2B) populations. Two satellites are found in the Jiangzi population.
Aster salwinensis Onno
This is the first report of the chromosome number and karyotype for this species. The species is endemic to the Qinghai-Tibet Plateau. The samples are collected from Kangding, Sichuan Province and have a karyotype
Aster ageratoides Turcz
Aster ageratoides is widely distributed in the SinoJapanese Floristic Region and is considered to be one of the indicators of this region (Ling et al. 1985; Soejima et al. 1999; Soejima et al. 2005) . Our material is collected from Xianggerila in northwestern Yunnan. It is an octoploid with the karyotype formula of 2n = 72 = 8 M + 52 m + 12sm (Table 2; Figure 13 ). The karyotype is 2A with AI = 1.37. The chromosome count agrees with Soejima et al. (1999) on specimens from northeastern Yunnan. This species has 11 varieties in China. Enormous continuous variation of chromosome numbers were observed (from 2n = 18, 27, 36, 45, 54, 60, 61, …, 92) (Gu 1989; Chen et al. 1992b, a; Soejima and Peng 1998; Soejima et al. 1999; Li and Liu 2005; Li et al. 2011) . These variations could have arisen by the combined effect of hybridization, recent origin and high levels of polyploidy (Li 2005; Li et al. 2011 ).
Aster oreophilus Franch
The chromosome number and karyotype are given for the first time in this study. This species is endemic to the Qinghai-Tibet Plateau. Seeds are collected from Xianggerila in Yunnan Province for chromosomal observation. It is reported with the karyotype formula 2n = 18 = 16 m + 2sm + 1B, Stebbins' 1A-type asymmetry karyotype, and an AI value = 1.36. One B chromosome is observed (Table 2; Figure 14) .
Aster poliothamnus Diels
This species is endemic to the Qinghai-Tibet Plateau. The seeds are collected from Xinlong, Sichuan, with the karyotype formula 2n = 18 = 18 m, Stebbins' 1A-type asymmetry karyotype, and AI = 1.25 (Table 2; Figure 15 ). The chromosome count disagrees with Gong (2010) on specimens from southwestern Gansu Province. Gong (2010) reported 2n = 32 = 26sm + 6st, with Stebbins' 4A-type asymmetry karyotype. The number 2n = 32 and Stebbins' 4A-type asymmetry karyotype is quite doubtful because its basic number seems to be x = 8, different from the chromosome basic number of x = 9 for all other Aster species.
Aster souliei Franch
This taxon is distributed in the alpine regions of the Himalaya. Specimens are collected from Daochen and Litang of Sichuan Province. Specimens from Litang are hexaploid, with a karyotype formula 2n = 54 = 4 M + 44 m + 6sm and have a Stebbins' 2A-type asymmetry karyotype with AI = 1.93 (Table 2; Figure 16 ). Results from the Daochen population agree with those in the Qinghai-Tibet Plateau reported by Liu (1999) . They share the same Stebbins'-2A type and karyotype formula 2n = 14 m + 4sm (Table 2; Figure 17 ). complex with seven polyploidy levels (2x, 3x, 4x, 5x, 6x, 8x, 9x) (Huziwara 1957; Chen et al. 1992a Chen et al. , 1992b Soejima 1992; Ito et al. 1994; Soejima and Peng 1998; Soejima et al. 1999; Li and Liu, 2005; Soejima et al. 2005) . Especially in A. ageratoides var. pendulus, Li et al. (2011) found the somatic chromosome number to be highly variable with a nearly continuous variation from 2n = 60-92, corresponding to 30 different cytotypes. A combination of hybridization, recent origin and high polyploidy has possibly contributed to the unusual diversity of chromosome numbers in Aster from the Qinghai-Tibet area.
B chromosomes are observed in A. oreophilus (2n = 18 + 1B) and A. boweri (2n = 36 + 3B or 18 + 2B). B chromosomes have been reported in A. ageratoides and A. scaba (Matsuda 1970; Matsuda and Shimohara 1985; Matsuda and Shishido 1988; Chen et al. 1992a Chen et al. , 1992b Matsuda and Shimohara 1992; Matsuda and Inomata 1993) . B-chromosomes in Aster have the most widespread structural polymorphism (Jones 1995) . Trivers et al. (2004) showed that the presence of B chromosomes correlates to but varies strongly and positively with total genome size. This study agrees with Jones' (1995) viewpoint because three populations were found with different numbers and shapes of B chromosomes.
Satellite chromosomes are observed in A. semiprostratus (2n = 36 + 3SAT) and A. boweri (2n = 18 + 2SAT), which have also been found in A. ageratoides (Chen et al. 1992a (Chen et al. , 1992b . Similarly, the occurrence of satellite chromosomes do not seem to be constant within species of the genus Aster, i.e. in different populations the number of satellite chromosomes has not been consistent for A. boweri and A. ageratoides (Chen et al. 1992a (Chen et al. , 1992b .
Chromosome variation, although not always large, has accompanied evolutionary divergence of the Aster taxa studied here, a general phenomenon observed in plants and animals (Rieseberg 2001) . In spite of the amount of data on the distribution of B chromosomes, there is lack of understanding of their significance in plant systematics. It appears that when B chromosomes occur, they influence nuclear DNA values (Jones et al. 2008) . In addition, their adaptive significance in natural populations show little if any substantial evidence to support such a role (Jones and Houben 2003) . Of course, the significance of B chromosomes and satellites in Aster need further examination.
Karyotype asymmetry is a good expression of the general morphology of plant karyotypes, which has been frequently related to evolution in higher plants (Stebbins 1971) . The classification of Stebbins' method is the most frequently used qualitative method for assessing symmetry conditions and describing the karyotypic relationships between different taxa (Stebbins 1971) . However, Stebbins' (1971) qualitative classification is less sensible than quantitative parameters (Paszko 2006) . A new karyotype asymmetry index (AI) was developed by Paszko (2006) , which has the advantage of allowing a high degree of precision and sensitivity to assess karyotype formula of 2n = 18 = 14 m + 4sm, Stebbins' 1A-type asymmetry karyotype, and an AI value of 1.26 (Table 2; Figure 25 ).
Aster techinensis Y. Ling
This species is endemic to the Qinghai-Tibet Plateau and chromosome number and karyotype are reported for the first time. The material is collected from Xianggerila, Yunnan Province. The chromosome number is 2n = 18, with the karyotype formula of 2 M + 16 m. The karyotype symmetry is Stebbins'-1A type with AI = 1.45 (Table 2 ; Figure 26 ).
Polyploidy is currently considered to be one of the most important cytogenetic mechanisms in plant evolution (Masterson 1994; Levin 2006; Wood et al. 2009; Mayrose et al. 2011) . It represents the most common mode of sympatric speciation in plants (Wendel and Doyle 2005) , especially in facilitating rapid speciation (Hiremath and Salimath 1991) . The Pleistocene climate and topography in the Qinghai-Tibet area (Shi et al. 1998 ) provided beneficial environments for polyploidy establishment through hybridization in the contact zones of existing species. These environments also opened new habitats for polyploid vegetative colonization during the advance and retreat of ice sheets and glaciers (Grant 1981) . In the present study, seven of the 16 species in this region are found to be polyploid, which suggest that sympatric speciation through polyploidization is a significant evolutionary trend in chromosome number within the genus Aster in this area. Chen et al. (2007) reported similar results for the genus Buddleja L. in the Hengduan Mountains region, located in southwest corner of the Qinghai-Tibet Plateau, with 10 of the 18 species found to be polyploid. Many other cases show that polyploidy is more common for plants in alpine areas of the eastern Himalayas and Hengduan Mountains region, such as Aconitum subgenus Lycoctonum Fourr. (Yuan and Yang 2006) ; Anaphalis DC. (Meng et al. 2010) ; and Leontopodium R. Br. ex Cass. (Meng et al. 2012) .
Several ploidy levels are found within a single species, e.g. Aster asteroides, A. pycnophyllus, A. semiprostratus and A. boweri, although the tetraploid or hexaploid cytotypes are not yet sufficiently well differentiated morphologically from the diploid cytotypes to be treated as independent species. This distribution pattern of different ploidy levels in these species strongly suggests that Aster is an active group in polyploid evolution. Wendel and Doyle (2005) suggested that species that have high chromosomal variation (e.g. different ploidy levels) may in fact comprise several cryptic species and this could be the case for Aster of the Qinghai-Tibet area. In addition, in the evolutionary history of Aster, hybridization is also common (Soejima et al. 2005; Li et al. 2011 ) and some of these hybridization events may have produced polyploid individuals. For example, A. ageratoides is a polyploid asymmetry. Higher values of the AI index are considered to indicate higher levels of karyotypic heterogeneity. In this work, according to Stebbins' classification, all species show similar karyotypic Stebbins' 2A or 1A types (Table  2) , while the AI value varies from 0.79 to 3.05 (Table 2) .
Although the Aster species studied represent five groups: sect. Ageratoides, sect. Alpigeni, sect. Aster, sect. Pesudocalimeris and Incertae sedis group according to , their karyotypes do not exhibit considerably marked differentiation at the sectional level. However, the values for the AI values agree with the trends, which are observed in a phylogenetic analysis based on internal and external transcribed spacer (ITS & ETS), and plastid trnL-F sequences (Li et al. 2012) . These results support the idea that many Chinese Aster species should be removed from the genus, such as A. albescens, A. asteroides, A. flaccidus, and A. yunnanensis (Li et al. 2012 . crenatifolius, A. altaicus) are found in the more derived groups within the genus. All these data show that the evolutionary trend of karyotype asymmetry is from asymmetry to symmetry in Aster. However, this inference needs to be tested further, in particular on a molecular level.
